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The heats of formation of diphosphengs{ and trans-P,H,), phopshinophosphinidene (singlet and triplet
H,PP) and diphosphine §R.), as well as those of theR and BH; radicals resulting from PH bond cleavages,
have been calculated by using high-level ab initio electronic structure theory. Energies were calculated using
coupled-cluster theory with a perturbative treatment for triple excitations (CCSD(T)) and employing augmented
correlation consistent basis sets with additional tight d-functions on P (aug-ce-pyZh up to quadruple-

or quintuple¢, to perform a complete basis set extrapolation for the energy. Geometries and vibrational
frequencies were determined with the CCSD(T) method. Core-valence and scalar relativistic corrections were
included, as well as scaled zero-point energies. We find the following heats of formation (kcal/mol) at 298
[0] K: AHAP,H) = 53.4 [54.4];AH{(cis-P;H,) = 32.0 [33.9];AH{trans-P,H,) = 28.7 [30.6];AH{(H.PP)=

53.7 [55.6]; AH{®H,PP) = 56.5 [58.3]; AH{(P:H3) = 32.3 [34.8];AH{(P;H,) = 5.7 [9.1] (expt, 5.0+ 1.0 at

298 K); andAH{(CHsPH,) = —5.0 [-1.4]. We estimate these values to have an accuraeylod kcal/mol.

In contrast to earlier results, we found a singlet ground state for phosphinophosphinig@® (iith a
singlet-triplet energy gap of 2.8 kcal/mol. We calculated the heats of formation of the methylated derivatives
CHsPPH, CHHPPH,, CHsPPCH;,, CHsHPP, (CH).PP, (CH),PPH, and CHHPPHCH; by using isodesmic
reactions at the MP2/CBS level. The calculated results for the hydrogenation reactiondRBPRRHPPHR

and RPP+ H, — R,PPH show that substitution of an organic substituent for H improves the energetics,
suggesting that secondary diphosphines and diphosphenes are potential candidates for use in a chemical
hydrogen storage system. A comparison with the nitrogen analogues is given. The mechanisgefweréition

from diphosphine without and with BH+as a catalyst was examined. Including tunneling corrections, the rate
constant for the catalyzed reaction is 43.0'® times faster than the uncatalyzed result starting from separated
catalyst and PHPH,.

Introduction AB + H,— ABH, (1)

Hydrogen is currently being considered as a promising energy
transfer agent, which is friendly to the environment, for the Thus, we need to predict the energetics for the AB and ABH
transportation sectdr.For this to be a viable technology, species which in turn enable us to predict the reaction
molecular hydrogen must be stored in a safe, efficient, and thermodynamics for the addition and loss of a hydrogen
sustainable fashion. Considerable efforts are underway to designmolecule. In addition, we have been studying possible catalytic
compounds that can be used in chemical hydrogen storagegehydrogenation routes and recently discovered that the borane
systems either as such or as reactive intermediates. Not only isygjecule (BH) can act as an efficient bifunctional catalyst
the thermodynamics for hydrogen and release important, but, gjjitating the H release from ammonia borahén the current
also the kinetics of release are important, so there is a searc ork, we extend these studies to diphosphenes and diphosphines,

for efficient catalysts for hydrogen release, for example, from L . i
amine boranesWe have been exploring the thermodynamics :R/ZI;;hosphorus analogues of dimides and hydrazines, respec

of various types of compounds using high-level ab initio
molecular orbital theory to predict accurate heats of formation  Although diphosphine (WPPH), having a single PP bond,
of relevant compounds. For example, we have studied boranehas been known since 1844 and is a prototype of open-chain
amine$ as well as related isoelectronic species containing P phosphorus hydridesthe parent diphosphene (HPPH) bearing
and Al stable heterocyclic carbenesnd organic derivatives  a double P=P bond has not been extensively studied until
of diimide (N.H) and hydrazine (BH4)® as potential hydrogen  recently. The preparation of the first stable diphosphene was
storage systems. A necessary condition for a compound,ABH reported in 1981 by Yoshifuji and co-worketsyho used
to be considered as &HMdource is that the relevant reaction (1) sterically bulky substituents (RFPR, R = 2,4 6-tritert-
be near thermoneutral: butylphenyl) to achieve kinetic stability. Since then, the
; — chemistry of this class of low-coordinated P-compounds has
The University of Alabama. . . . .
* University of Leuven. rapidly been developed, and they are versatile ligands in
8 E-mail: dadixon@bama.ua.edu. transition metal chemistr{f. More recently, thenetaterphenyl
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groups (2,6-AsC¢Hs—) have been shown to be equally effective molecules, calculations using the larger a¥(§Z basis set were
in providing the steric shielding necessary for stable diphos- also carried out. All of the current computational work was

phened! performed with the Gaussian®¥3and MOLPRO-2008 pro-
Although in the simplest form, the phosphinophosphinidene grams.
isomer (HPP) is predicted to have a triplet ground st&té? We first describe the calculations for the CCSD(T)/CBS

Fritz et all® showed that bulky alkyl-substituted derivatives such extrapolations. The geometries were optimized at the frozen-
as tert-But),PP can be synthesized and trapped in a closed- core CCSD(T) level with both aVTZ and aV{id)Z basis sets.
shell singlet state. Upon hydrogenation, both singlet diphospheneThe former level was also employed for the prediction of the
and phosphinophosphinidene yield isomeric diphosphines asharmonic vibrational frequencies of the Pt = 2—3), P.Hn

shown in reactions 2 and 3. (m = 1-4), and CHPH, species, except for the,R; radical
where the aVDZ basis set was used. The geometry of the BH
RP=PR+ H,—~ RHP-PRH ) PH,PH, complex was calculated at the MP2/aM(d)Z level
as were the frequencies.
R,P=P + H, — R,P—PH, 3 For PH, the calculated harmonic vibrational frequencies were

averaged with the corresponding experimental fundamentals to
determine the ZPE correctié®2® We predict a scaled ZPE of
14.60 kcal/mol for PH, which is identical to that reported by
Leroy et al.3% and within 0.2 kcal/mol of the value of 14.79
&cal/mol by Haworth and Bacskay derived from B3LYP
frequencies! For PH, there are just estimated experimental
fundamental$? so its ZPE was scaled by a factor of 0.9849
obtained from the ratio of the averaged ZPE of;Rtith the
scalculated CCSD(T)/aVTZ value.

For the diatomic species, PH and, Barmonic frequencies

The first goal of the current study is to reliably predict the
heats of formation of the parengf, compounds and then use
these results to evaluate théi?’s of larger organic derivatives
on the basis of isodesmic reactions. We have used a composit
ab initio molecular orbital theory approach without empirical
parameters except for the spiarbit energies in atoms and the
zero-point energie®¥.1” The total atomization energy (TAE) of
a molecular system is calculated and used to obtain its heat o
formation & O K utilizing the known heats of formation of the i -
atoms. The TAE is calculated by using coupled-cluster theory, a}nd anharmonlc.constants were calculated from a fifth-order
including a perturbative treatment of the triple excitations fit . Of the potential energy curves at the CCSD(T)/a\HQZ

(CCSD(T)}#*°combined with augmented correlation-consistent level. The ZPE was caICl_JIated by inclu_ding the anharmonic

basis sef2! (including tight d-functions for the P atom) constant. For PH we obtained a harmonic frequency of 2367.7
: e ’ 1 wi i i

extrapolated to the complete basis set (CBS) limit to treat the C™ ~ With a respective anharmogg: constant of 437&“;;?

correlation energy of the valence electrons. Additional smaller COrreésponding experimental valdésf 2365.2 and 44.5 ¢

corrections, such as core-valence interactions, relativistic and@'® in excellent agreement with our calculated values. Ror P

spin—orbit effects, and the zero-point energies (ZPE), obtained W€ obtained 782.7 and 2.7 cfy the harmonic value is in
either from a combination of experiment and theory or from eX(itelllgtznt agreement with the experimental value of 780.8
theoretical scaled values, are also included. The standard heat§™ ™ i

of formation of compounds at 298 K can then be calculated by _ FOF the molecules with two phosphorus atoms and one or
using standard thermodynamic and statistical mechanics expresMore hydrogens, as well as the gHpPH, complex, the ZPE's
sions22 were scaled by a factor of 0.9837, obtained from the ratio of
the averaged value of CCSD(T)/aVTZ harmonic frequencies

We used such an approach to calculate the heats of formation ; .
of the neutral BH;, an?ijH;PHz species. For the purpose of and experimental fundament&svith the CCSD(T)/aVTZ value

calibration, the corresponding parameters of the simpler PH [Of P2Ha. For CHPH, the experimental valuéswere averaged

species were also obtained. Subsequently, we calculated thé’\”th galculated results to obtain its ZPE. For the missing
heats of formation of the substituted compounds RPPH, RPPR,€XPerimental value (see Table 1) we used the corresponding

: - . 'calculated value.
RHPPHR and RRPPHor R = CHjs by using an isodesmic ca
reaction approach employing the electronic energies obtained FOF €ach molecule, the CCSD(T)/ad)Z and aV(T-d)Z

at the second-order perturbation theory and extrapolated to the®Plimized total energies and the atQ)Z single-point energy

basis set limit (MP2/CBS). These calculations were based on &t the CCSD(T)/aV(¥d)Z optimized geometry were extrapo-

geometries optimized by using density functional theory fvel Iated_ to the CBS limit using a mixed exponential/Gaussian
with the B3LYP exchange-correlation functioR&lThis follows ~ function of the form

the same method as in our previous work on the corresponding 2
nitrogen analoguesThe calculated values were then used to E(n) = Ecgs + Aexp[—(n — 1)] + Bexp[~(n — 1)]
assess the hydrogenation energy of reactions 2 and 3 fer R

CHs. We predicted the energy barrier fopddlimination from with n = 2, 3, and 4, as proposed by Peterson &8 ¥e used

P,H, and studied the reaction processes in which the Lewis acid CCSD(T)/aV(n+d)Z single-point calculations at the MP2/aV-
BH; acts as a catalyst forgtlimination. Finally, we analyzed (T+d)Z optimized geometry for the BfRH,PH, complex in
the kinetics of both catalyzed and noncatalyzed processes. i, extrapolation.
To determine the CBS energies from the aW{(Z and aV-
(5+d)Z results, the extrapolation function (5) was used in which
The augmented correlation consistent basis sets aug-cc-pVnZma<® €quals the highest angular momentum present in the basis
(n=D, T, Q) were used for the calculations, and for brevity,
the basis set names are shortened to avVnZ. Only the spherical E(/a0 = Ecgs T+ B//max3 (5)
components (5d, 7f, and 9g) of the Cartesian one-electron
functions were used. Due to the presence of second-row atomsset. The CCSD(T) calculations for open-shell atoms and
a set of tight d-functions was also added to the basis of P atoms,molecules were carried out at the R/UCCSD(T) level. In this
giving the aV(n+d)Z basis?® For the diatomic PH and ;P approach, a restricted open shell Hartréeck (ROHF) cal-

4)

Computational Approach
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TABLE 1. CCSD(T)/aVTZ and CCSD(T)/aV(T +d)Z Optimized Geometries and Vibrational Frequencies
geometry vibrational frequencies
molecule parameter avTz aVv{id)z av(Qt+d)z symmetry avTZz aV(QH+d)Z fitting expf
PH (=) P—H 1.429 1.426 1.424 [ 2353.10 2367.66 2365.20
43.66 43.74
PH, (2By) P—H 1.424 1.421 a 1123.93 [1020.00]
OHPH 91.8 91.8 a 2382.70 [2322.00]
b, 2391.86 [2327.00]
PH; (*A)) P—H 1.419 1.417 a 1009.17 992
OHPH 93.5 93.5 e 1139.78 1118
e 1139.78 1118
& 2406.19 2323
e 2415.23 2328
e 2415.23 2328
P> (12g1) P—P 1.916 1.910 1.902 0y 771.92 782.6%9 780.80
2.7%8 2.7
HP=P (A" P—P 2.027 2.020 a 598.81
P—H 1.432 1.429 a 657.14
OHPP 97.4 96.8 ‘a 2296.83
trans-P,H, (*Ag) P—P 2.051 2.044 A 599.24
P—H 1.426 1.423 b 671.97
OHPP 93.9 93.9 a 756.84
8y 959.41
a 2353.98
by 2369.98
cis-PH; (*A) P—P 2.061 2.055 a 585.95
P—H 1.424 1.421 a 678.94
OHPP 98.6 98.7 a 738.65
b, 836.71
b, 2359.59
& 2383.78
H.P=P (*A;) P—P 1.961 1.952 b 386.14
P—H 1.412 1.409 a 623.84
UHPP 128.6 128.7 D 675.91
& 1158.70
& 2411.31
b, 2411.55
H,P—P CA") P—P 2.209 2.200 ‘a 435.89
P—H 1.422 1.419 a 636.38
OHPP 96.5 96.7 ‘a 669.99
OHPPH 95.0 95.1 ‘a 1079.36
a 2375.95
a’' 2387.53
PoHs (?A) P—P 2.244 2.197 a 270.57
P—H 1.440 1.422 a 420.33
p—H* 1.433 1.415 a 616.60
P—H?2 1.435 1.417 a 628.93
OHPP 91.8 91.9 a 884.17
OHPP 95.9 96.5 a 1096.39
OH?PP 97.8 98.9 a 2353.05
OHPPH 157.6 157.4 a 2373.76
OH2PPH 62.0 61.0 a 2399.75
PH, (PA) P—P 2.238 2.231 a 204.03 216
P—H 1.419 1.416 a 437.79 438
P—H 1.419 1.416 b 621.10 613
OHPP 99.3 99.4 a 645.37 629
OHPP 94.4 94.5 b 810.34 884
OHPPH 94.7 94.8 a 879.70 898
OHPPH —17.0 —-17.1 b 1110.46 1040
OHPPH 7.7 7.7 a 1118.54 1056
b 2398.20 2283
a 2403.81 2283
a 2413.57 2308
b 2417.36 2308
CH3PH,(*A") C-P 1.867 1.863 ‘a 240.20 207
C—H 1.089 1.090 a 682.32 677
OHCP 113.1 113.2 'a 699.19 -
C—H 1.092 1.092 a 737.62 740
OHCP 108.6 108.6 'a 995.66 977
[OHCPH 121.5 121.5 ‘a 1039.78 1017
P—H 1.420 1.418 a 1117.72 1086
OHPC 97.6 97.6 ‘a 1328.98 1238
[OHPCH 47.2 47.2 a 1485.00 1450
a’ 1490.96 1450
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TABLE 1. Continued

geometry vibrational frequencies
molecule parameter avTz av{id)z aVv(Qt+d)z symmetry avTZ aVv(Q+d)Z fitting expf
CHsPH, (*A") a’ 2393.42 2297
(cont'd) d 2400.02 2312
a 3043.32 2938
a’' 3124.49 2992
a 3138.71 3000
BH3sPHPH,f B—P1 1.931 a 126.52
P1-P2 2.192 a 144.64
OBP1P2 112.4 a 183.64
B—H1 1.205 a 375.16
B—H2 1.203 a 463.86
B—H3 1.206 a 564.81
OH1BP1 103.0 a 604.27
0OH2BP1 105.1 a 611.64
0OH3BP1 102.2 a 795.86
0OH1BP1P2 —55.3 a 822.16
OH2BP1P2 —176.2 a 891.03
OH3BP1P2 63.4 a 926.65
P1-H4 1.400 a 1087.10
P1-H5 1.400 a 1117.76
OH4P1H5 100.0 a 1142.33
0OH4P1BH1 —-179.1 a 1173.93
OH5P1BH1 61.9 a 1176.94
P2—-H6 1.410 a 2465.89
P2—H7 1411 a 2480.90
OH6P2P1 91.9 a 2486.22
OH7P2P1 96.2 a 2521.58
OH6P2P1B —59.2 a 2533.06
OH7P2P1B —153.8 a 2569.71
a 2584.41

aBond lengths are given in angstroms and bond angles in dedra¥§T-+d)Z fitting for PH and B. ¢ Experimental values for PH, BHPHs,
P,, P,Hs, and CHPH,, taken from refs 34, 32 [estimated values], 28, 35, 36, and 37, respecthitédymonic frequency obtained from the
fifth-order fitting of the PES at the CCSD(T)/aVml)Z geometry, = T and Q.® Anharmonic constanipey., Obtained from the fifth-order

fitting of the PES at the CCSD(T)/aV4rd)Z geometry, n= T and Q.f Optimization and frequencies for BAH,PH, calculated with MP2/
aVv(T+d)Z.

culation was initially performed and the spin constraint was calculation$” were subsequently performed using these geom-

relaxed in the coupled-cluster calculatityn42 etries with the aV(r-d)Z basis sets = D, T, and Q, and
Core-valence correctionAEcy, were obtained at the CCSD-  extrapolated to the CBS limit by using eq 4. We then used

(T)/cc-pwCVTZ level*® Scalar relativistic correctiong\Esg, thefollowing isodesmic reactions to calculate the heats of

which account for changes in the relativistic contributions to formation of neutral methylated compounds.

the total energies of the molecule and the constituent atoms,

were evaluated at the CISD (configuration interaction singles CH;PH, + P,H, — CHPPH+ PH, ()
and doubles) level of theory using the aWd)Z basis setAEsg .
is taken as the sum of the masselocity and 1-electron Darwin CH;PH, + PH, — CH;HPPH, + PH, (8)

(MVD) terms in the Breit-Pauli Hamiltoniart* For the
phosphorus atom there is no atomic spambit correction in
its 4S ground state, but a correction of 0.085 kcal/mol was taken
for AEso of the carbon atom from the excitation energies of
Moore#®

The total dissociation energDo or TAE) of a compound
is then given by the expression

2CHPH, + P,H,— CH,PPCH + 2PH,  (9)

2CH,PH, + P,H, —
CH;HPPHCH, (C, symmetry)+ 2PH, (10a)

2CH,PH, + P,H, —

CH,HPPHCH, (C, symmetry)}+ 2PH, (10b)
2Dy = AE,{CBS)— AE,pc + AEy, + AEgg + AEg, (6) DCHPH, + P,H, — (CHY,PPH, + 2PH, 1)
using the components described above. We can calculate the
molecular heats of formationt® K from the TAE and the
known heats of formation at 0 K for the elementsHiP) =
75.42 kcal/mol, AH{C) = 169.98 kcal/mol AH{(B) = 136.2
+ 0.2 kcal/mol, andAH{H) = 51.63 kcal/mol}? By follow-
ing well established thermochemical proceddfasge can obtain
gas phase heats of formation at 298 K.

Geometries for the substituted molecules witkFF’CH; were The transition state structures for, Helease from fHa,
optimized at the B3LYP/aVTZ level. Harmonic vibrational without and with the assistance of a Biolecule, were located
frequencies for zero-point and thermal corrections were also at the B3LYP and MP2 levels for both systems and at the
obtained at this level. Second-order perturbation theory MP2 CCSD(T) level for BH4, with the aVTZ basis set. Single-point

We also used isodesmic reactions to obtain the heats of
formation of the following radicals.

CH,PH, + H,PP— CHHPP+ PH, (12)

2CHPH, + H,PP— (CH,),PP+ 2PH,  (13)
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J J longer than the experimental value of 2.2480.004 A from
l ‘ ' ‘ \ ’ electron diffractiorP® In contrast, the calculated—™ bond
e H distance, 1.416 A, is substantially shorter than that from the
CS CZV CZn J

experiment, 1.45H% 0.005 A, suggesting a problem with the
experimental value. The experimental HPP bond angle is 95.2
+ 0.6°, less than 1larger than our calculated value of 94.5

J 4
J\H ?_O ?_‘ £ whereas the experimental HPH bond angle of 9t.3.4° is
\ smaller than the calculated value of 9%4.0

Cay Cs o J As expected, the geometry of the radicaHRs predicted to

9 be bent with &A’ ground state. The radical,APH has only

; . C; symmetry. The geometry obA shows a P-H bond slightly
ﬁ_““ H stretched from that inrans-P,H, and a P-P bond shortened

J J from that in bothcis- andtrans-P,H, by 0.02 A but longer by
C. Cs 0.11 A than that in B which has formally triple bond character.

Figure 1. Optimized molecular structures and their symmetry point  The calculated vibrational frequencies are also given in Table
group for HR, Cis-PH,, transPaHy, HPP, *HoPP, BHs, PH,, and 1. Durig and co-workeP§ assigned all the observed vibrational

CHPH, fundamentals for the vibrational modes isHz. The agreement

CCSD(T) electronic energies were then computed to obtain the between the calculated and experimental values is reasonable

extrapolated CBS energies as outlined above. with the calculated harmonic values higher than the experimental
For the kinetics of the KHelimination processes fromyRy, ones, which contain anharmonic contributions, as expected. For

with and without BH catalyst, we used transition state thery ~ PHs, P2Hs, and CHPH; the scale resulting factors for the zero-
(TST) and RRKM?® as implemented in the KHIMERA pro- ~ Point energies are 0.9849, 0.9837, and 0.9825, respectively,
gram®° We used the MP2/aVTZ optimized geometry and scaled Where the scale factor is defined as the ratio of the average of
frequencies for the catalyzed reaction, and CCSD(T)/avTz the CCSD(T) and experimental values divided by the CCSD-
geometry and MP2/aVTZ scaled frequencies for the noncata- (T) value. The calculated-FP stretching frequency of 437.8
lyzed reaction. The CCSD(T)/CBS total electronic energies for ¢m* for P.Hs compares well with the experimental fundamen-
the transition states and the reactants were used for bothtal®® of 438 cnm™. Yoshifuji and co-worker¥ recorded a AP
processes. We used the Skodje and Truhlar tunneling ap-Stretching frequency of 610 crhfrom a resonance Raman study
proximation®! which includes the imaginary frequency, the Of atrans(2,4,6-tritert-butylphenyl)diphosphene. The CCSD-
energy barrier, and the reaction energy, as given in eq 14 with (T) value of 599.2 cm* for this mode intrans-HP=PH is of

AE* and AHR the reaction exothermicity, both at 0 K comparable size, suggesting a small effect due to the substit-
uents. The corresponding frequencycis-HP=PH is slightly
QumnelstT) = smaller, being 586.0 cm. Singlet HP=P has a larger
Brlo B . frequency (675.9 cmi) than that in HP=PH and triplet HP—P
sinrla)  o«—p exp[(3 — a)(AE" — AHR)] (14a) has a substantially smaller value (435.89&mThese results
suggest a stronger PP bond in the planar singlet phosphinidene.
This expression is valid foa. = §. In the case wherg > a The energy components used in calculating the total dis-
sociation energy to atoms (eq 6) are given in Table 2. Total
QunnelskT) = energies are tabulated in Supporting Information The core-

B + valence AEcy corrections for the phosphorus hydrides are
ﬁ_a{exp[(ﬂ—a)(AE — AHg)] — 1} (14b) modest, ranging from 0.1 to 0.7 kcal/mol, and the scalar
relativistic AEsg corrections are of comparable magnitude but
with 8 = 1ksT ando = 27/hwi, wi is the imaginary frequency  opposite in sign, ranging from0.1 to—0.8 kcal/mol. The B
at the transition state. When the reaction is exoergjidg is PH,PH, complex has the largest values willEcy = 2.03 kcal/
equal to zero. mol andAEsg = —0.99 kcal/mol.

The predicted heats of formation are given in Table 3, with
estimated error bars af1.0 kcal/mol. The calculated heat of

Heats of Formation of BHy and CHsPH> Compounds. formation at 298 K for PH is in excellent agreement with that
Optimized CCSD(T) geometry parameters for thid,fand CH- obtained by experimetit (56.8 vs 57.44 0.6 kcal/mol). For
PH, compounds with both aVTZ and aV{id)Z basis sets, as  PH,, our calculated value differs by 1.3 kcal/mol with respect
well as the MP2/aV(¥d)Z optimized geometry for the complex  to the experimental valge (31.8 vs 33.1+ 0.6 kcal/mol),
BH3PH,PH,, are given in Table 1 and the diphosphorus hydrides somewhat larger than what might be expected. The calculated
and CHPH, molecules are shown in Figure 1. The CCSD(T) result for AH{(PHs, 298 K) is 1.1 kcal/mol and it is in
values obtained with both basis sets are similar to each other.excellent agreement with the experimental vattied 1.3 +
For PH, with n = 1—3, their geometries obtained at the same 0.4 and 1.1+ 0.6 kcal/molé%81 Qur results at 298 K for PH,
levels were analyzed previouélpnd other calculations have PH,, and PH are essentially the same as the earlier values
been discussed in earlier pap&¥§253The RBH, molecule has obtained at the CCSD(T)/aVna (= 3—5) level of theory by
aC; point group symmetry, in good agreement with experithent Ricca and BauschlichenHPH) = 56.8, AHAPH,) = 31.8,
and earlier calculation®.5>The P-P bond distance inJPl4 of andAH{(PHs) = 1.3, in kcal/mol)3® and Haworth and Bacskay
2.231 Ais about 0.2 A longer than that igHR (2.051 A in the (AH{PH) = 56.6 + 1.0, AHAPH,) = 31.5 &+ 1.0, and
trans configuration and 2.061 A in the cis), consistent with the AH{PHs) = 0.9 + 1.0, in kcal/mol)3! The heats of formation
nominal single bond character in the former and the nominal at 0 and 298 K for P are in excellent agreement with the
double bond character in the latter. The calculatedPond experimental value® 35.1 vs 34.8= 0.5 kcal/mol and 34.7 vs
distance for BH, with the a(\4-d)TZ basis set is still 0.013 A 34.3 + 0.5 kcal/mol, respectively. The calculated heat of

Results and Discussion
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TABLE 2: Calculated Total Atomization Energies at 0 K2

molecule CBS AEzpg® AECVd AEsg® ZD()f
PH (=) 73.42 3.38 0.10 -0.11 70.04
PH; (?B)) 15433 831 019 -023 145.98
PHs (*A1) 242.03 14.60 0.28 —-0.36 227.34
P, (1=t 116.33 1.12 0.65 —-0.17 11571
HP, (?A") 152.88 5.00 052 —0.34 148.06
transPH, (*Ag) 234.24 10.86 0.55 —0.47 223.48
cis-PHz (*A1) 230.81 10.67 051 —0.48 220.16
H,PP (A;) 209.67 10.79 0.43 —0.78 198.54
H,PP €A") 206.47 10.67 045 —0.47 195.77
P:Hs (?A) 286.53 1554 052 —-0.62 270.89
P,H (1A) 37025 2176 055 -0.77 348.29
CH3PH, (*A") 537.86 3362 136 —0.62 504.92
BH3;PHPH, 676.55 42,00 2.03 —0.99 635.558

aResults are given in kcal/madtExtrapolated using eq 4 with
aV(n+d)Z, where n= D, T, and Q.c The zero-point energies were
obtained from the average of CCSD(T)/aVTZ and experimental values
when available, as reported in Table 1. See text for deta@are/
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but within their suggested error bar&AH{P,) = 34.4 £ 1.0,
AH{PH2) = 28.1+ 1.0, andAH{P.H4) = 4.9 + 2.0 kcal/
mol).3! Our calculated value foAH{CHsPH;,) is —5.0 and, to
our knowledge, no experimental data are availatieP,H; is
predicted to be less stable than thens by 3.3 kcal/mol. The
heats of formation oAH{P,H) = 53.4, AH{H,PP) = 53.7,
AH{CH,PP) = 64.2, andAH{P,H3) = 32.3 have not been
reported previously. For further discussion, previously calculated
heats of formation of the analogous nitrogen moleé&fie%

are also shown in Table 3.

For the BH, isomers,trans-diphosphene is 25.0 kcal/mol
more stable than phosphinophosphinidene. We predict the
ground electronic state of RP to be a singlet with a singtet
triplet energy gap of 2.8 kcal/mot4; — 3A"). Previous lower
level calculations predicted a triplet ground state felPH. Allen
et al1* obtained a singlettriplet difference of 7.2 kcal/mol with

" CISD wavefunctions and HF/DZ and HF/BZ geometries.

valence corrections were obtained with the cc-pwCVTZ basis sets at Similar differences were calculated by Nguyén,at the

the CCSD(T)/aV(Td)Z optimized geometrie$.The scalar relativistic
correction is based on a CISD/a\Wtl)Z calculation.! =D, computed
with the CBS extrapolation obtained by using eq Extrapolated using
eq 5 with aV(Qrd)Z and aV(5-d)Z. " AEzpe obtained from the fitting
on the PES of the CCSD(T)/avV@)Z geometry' A scale factor of
0.9849, obtained from Py was used. A scale factor of 0.9837,
obtained from BH,;, was used The missing experimental frequency
(see Table 1) was replaced by the calculated valingludes the spir
orbit correction for the C atom;-0.085 kcal/mol, obtained from ref
45. ™ Includes a spirrorbit correction of—0.03 for B.

TABLE 3: CCSD(T)/CBS Calculated and Experimental
Heats of Formation at 0 and 298 K (kcal/mol)

AHJ(298 K)
molecule AH; (0K)2  AHJ298 Ky exptl
PH €=7) 57.0 56.8 57.4t 0.6

[60.6 + 8.0F
PH;, (3By) 32.7 31.8 33.1 0.6

[30.1+ 23.0pP
PH; (*A1) 3.0 1.1 1.3 0.4

1.1+0.6¢

P, (1=*y) 35.2 34.7 34.30.5'
P:H (?A") 54.4 53.4
trans-P,H, (*Ag) 30.6 28.7
CiS-P2H2 (lAl) 33.9 32.0
H.PP (A,) 55.6 53.7
H.PP EA") 58.3 56.2
P:Hs (2A) 34.8 32.3
PoH, (*A) 9.1 5.7 5.0+ 1.0
CHsPH, (*A") -1.4 -5.0
BH3;PH,PH, 12.9 7.5
NH (3=7) 85.% 56.8
NH; (2By) 453 31.8
NH; (*Ay) —9.2° 11 —10.7
N2 (=) 0.6 34.7 0.6
NoH (?A") 60.8 53.4 60.2
transNaH; (*Ay) 49.9 28.7 48.%
cis-NoH; (*A4) 54.9 32.0 53.2
H2NN (*Ay) 53.7
HoNN (GA™) 56.2
NoH3 (2A) 56.2 32.3 53.7
NaHs (FA) 26.6° 5.7 23.F
CHsNH, (*A") —1.4 -5.0 —4.7

a Estimated error bar af1.0 kcal/mol.? Estimated values from ref
32. At 0 K, AH¢(PH) = [60.8 & 8.0] andAH{(PH,) = [30.7 & 23.0]
kcal/mol. ¢ Reference 63 Reference 58 Reference 6 Reference 59.
9 References 60 and 6LReference 32. At 0 KAHq(P;) = 34.84+ 0.5
kcal/mol." References 59 and 62Reference 64.

formation of 5.7 kcal/mol for fHs at 298 K is in excellent
agreement with the experimental vaitief 5.0 + 1.0 kcal/mol.
Our results at 298 K for R transP,H,, and BH,4 are higher

MP4SDQ/6-3%+G*//HF/3-21G* level (6.7 kcal/mol), and by
Ito and Nagas& employing MP3/6-31G**//HF/6-31G* and
HF/3-21G ZPE calculations (6.2 kcal/mol). A smaller difference,
3.0 kcal/mol, was predicted by Schmidt and Gortfaat the
SOCI/6-31G* level. More recently, Nguyen et’&®.predicted
the singlet state to be higher than the triplet by only 1.2 kcal/
mol at the QCISD(T)/6-311+G(3df,2p) level. The singlet
triplet splitting is quite sensitive to the level of calculation,
especially the quality of the basis set. At the CCSD(T)/avVDZ
level, the triplet is lower than the singlet, but with the larger
aVTZ basis set, the singlet is below the triplet. This ordering is
maintained with the aVQZ basis set and at the extrapolated CBS
limit. The singlet-triplet gap in PH is 28 kcal/mol favoring
the triplet!2b so substitution of the hydrogen by the phosphino
group HP stabilized the singlet by at least 30 kcal/mol as
compared to the triplet by electron delocalization from its P
lone pair into the empty B{ orbitals of the monocoordinated
P atom.

We can compare our-FH bond dissociation energies (BDE
in kcal/mol), at 0 K, to the experimentélvalues: BDE(H-
PH,) = 81.3 vs 82.46+ 0.46, BDE(H-PH) = 75.9 vs 74.2t
2.0, and BDE(H-P) = 70.1 vs 70.5+ 2.0. We found that the
BDEs are all in very good agreement with experiment, with
the largest difference for PHlue to the difference inAH;x-
(PH).%6 Our values are very similar to those previously
calculated by a comparable metftSdBDE(H—PH,) = 81.0
and BDE(H-PH) = 75.9 kcal/mol. Our BDE values in,A,
P.H,, P-Hs, and BH,4 are 32.3, 75.4, 47.4, and 77.3 kcal/mol,
respectively. The PH bond strengths in the,A and BH3
radicals are~30 kcal/mol lower than those in,A,; and BH,,
respectively. The BDE of PHs larger than the BDE’s in 4™
and BHs; by 43.6 and 28.5 kcal/mol, respectively. In contrast,
the BDE in PH differs from those in fH, and BH4 by only
+0.5 and—1.4 kcal/mol, respectively.

If we compare the PH BDEs with respect to the NH BDEs
from the corresponding nitrogen compoufidge find that the
NH, (n = 1-3) species show the same trend as the;Ri.,
the higher the number of hydrogen atoms in the molecule, the
stronger the bond (kcal/mol): BDE{NH,) = 106.0; BDE-
(H—NH) = 92.3; BDE(H-N) = 78.2. For BH>, the P-H BDE-
(H—PPH) is stronger than NH BDE in NzH; by 12.9 kcal/
mol. The P-H BDE in P;H,4 is weaker than the NH BDE in
N2H4 by 3.9 kcal/mol. These differences are probably due to
changes in the PP and N-N bond energies as discussed below.

The trends in PP bond strengths can be compared to our

than the theoretical values obtained by Haworth and Bacskay, previous studies of NN results® The P-P bond strength in
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P, is 115.7 kcal/mol (nominal triple bond), imansHPPH is
83.4 kcal/mol (nominal double bond) and inPPH is 56.3
kcal/mol (nominal single bond). This last result is 3.4 kcal/mol
lower than the estimated experimental vafuef 59.7 &+ 1.2
kcal/mol. The corresponding A\N bond strengths are 225.1
kcal/mol in N, 121.9 kcal/mol in HNNH, and 63.9 kcal/mol in
HoNNH,. Thus the NN triple and double bonds are much
stronger than the PP triple and double bonds but the NN and

PP single bonds are of comparable energy. This is due to weaker

overlap between the 3p) orbitals of phosphorus atoms in
forming multiple P-P bonds as compared to the overlap of the
2p orbitals in the nitrogen compounds. This is consistent with

Matus et al.

TABLE 4: Calculated Reaction Enthalpies (kcal/mol) at 298
K for Reactions 7—13*

reaction B3LYP/avVTZ MP2/CBS
—2.44 —-3.17

8 —-0.76 —1.47

9 —-3.97 —5.58

10a —1.45 —3.74

10b 0.58 -1.20

11 —-3.31 —6.23

12 —6.50 —7.82

13 —12.08 —15.32

2The thermal corrections to the enthalpies at the MP2 level for
calculatingAH(298 K) were taken from B3LYP/aVTZ calculations.

the result that diphosphines form a class of stable compounds, MP2/CBS(1)+ ZPE (B3LYP/aVTZ)= AH°(0 K): —3.56 (reaction
whereas diphosphenes are only isolable with substantial stericz) —1.86 (reaction 8):-6.52 (reaction 9)--4.44 (reaction 10a);1.97

protecting groups.

Molecular entropies are given in Table S1 of the Supporting
Information. The calculated energies for some simple hydro-
genation reactions are (using a calculated valuAlaf(H,) =
—0.1 kcal/mol at 298 K).

P, +H,— P,H,
AH(298 K) = —6.1 kcal/mol;AG(298 K) =

1.0 kcal/mol (15)
P,H, +H,—P,H,
AH(298 K) = —23.1 kcal/mol;AG(298 K) =
—15.5 kcal/mol (16)

From our previous work,we obtained

N, + H, — N,H,
AH(298 K) = 47.6 kcal/mol;,AG(298 K) =
55.0 kcal/mol (17)

N,H, + H,—N,H,  AH(298 K)=
—24.9 kcal/mol, AG(298 K) =
—16.5 kcal/mol (18)

The hydrogenation of Nis an endothermic reaction and differs

(reaction 10b),—6.97 (reaction 11)—8.13 (reaction 12)—16.08
(reaction 13) kcal/mol.

Reactions 21 and 22 are substantially more exothermic than
reactions 19 and 20, respectively. We can predict the hydro-
genation reaction for methylphosphine (§ft;) to form PH;

and CH, using the experimental heat of formation and entropy

for CH488 of AH{CH,, 298 K) = —17.80 kcal/mol and(CH,)

= 44.55 cal/(molK).

CH4PH, + H,— PH; + CH,
AH(298 K) = —11.8 kcal/mol;AG(298 K) =
—12.4 kcal/mol (23)

The predicted heat of reaction is about 6 kcal/mol more
exothermic than a previous MP2 value -66.6 kcal/mols°

Heats of Formation of Methyl Derivatives. To estimate the
heats of formation fotransCHsPPH, CHHPPH, transCHzs-
PPCH, CHsHPPHCH; (C; andCs) (CHs),PPH, CHsHPP, and
(CHg3)PP, we calculated the MP2/CBS energy of the isodesmic
reactions 713 and used our computed values forsPFRH>,
P,H,4, and CHPH, (the MP2 electronic energies are in Table
S2 of the Supporting Information). For methylphosphinidenes,
we considered only the singlet state, because in methyl
derivatives, the singlet state has been found to be the ground

by more than 50 kcal/mol from the ana|ogous phosphorus state'?b The results for the reaction energieS at the B3LYP/
analogue, which is slightly exothermic. This is due to the large @VTZ and MP2/CBS levels are given in Table 4 (More detailed
differences in the NN and PP triple bond energies. Reactions information can be found in Table S3 of the Supporting
16 and 18 have essentially the same energetics. Hydrogenatiodnhformation.) The MP2 reaction energies have a small basis set

of P,H, and BH, to form two PH molecules (reactions 19 and
20, respectively) are exothermic processes.

P,H, + H,— 2PH,
AH(298 K) = —3.6 kcal/mol;AG(298 K) =

—4.8 kcal/mol (19)
P,H, + 2H, — 2PH,
AH(298 K) = —26.7 kcal/mol,AG(298 K) =
—20.3 kcal/mol (20)

We previously calculated the analogous reactions with nitrogen
compound&and obtained

N,H, + H, — 2NH,
AH(298 K) = —44.4,AG(298 K) = —47.9 kcal/mol
(21)
N,H, + 2H, — 2NH,
AH(298 K) = —69.3 kcal/mol:AG(298 K) =

—64.4 kcal/mol (22)

dependence ranging from 0.2 to 1.0 kcal/mol. Larger differences
are found between the B3LYP and MP2/CBS results of up to
4 Kkcal/mol.

We can compare the reaction energies of (7), (9), and (10a)
with the three following reactions at 298 K (kcal/mol)

CH,NH, -+ N,H, — CH,;NNH + NH,
AH = —12.2 kcal/mol (24)

2CH;NH, + N,H, — CH;NNCH; + 2NH,
AH = —24.0 kcal/mol (25)

2CH;NH, + N,H, — CH;HNNHCH,; (C, symmetry)+
2NH;  AH = —12.7 kcal/mol (26)

The nitrogen reactions are more exothermic than the phosphorus
ones by 9.0, 18.4, and 9.0 kcal/mol, respectively.

The estimated heats of formation for the methylated species
are shown in Table 5, with an estimated error bai-@f0 kcal/
mol. Our heats of formation for the methyl derivatives allow
us to predict the hydrogenation energy of the following reaction
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TABLE 5: Heats of Formation from Isodesmic Reactions at
0 and 298 K (kcal/mol}

molecule reaction  AH(0 K) AH{298 K)
transCH;PPH 7 22.6 19.4
CHsHPPH 8 2.8 -19
transCH;PPCH 9 15.3 10.9
CHzHPPHCH (Cy) 10a —4.1 —10.2
CHzHPPHCH; (Cy) 10b -1.7 =77
(CHs)PPH 11 —6.7 —-12.7
CHzHPP 12 43.1 39.8
(CHs),PP 13 30.7 26.2

aMP2/CBS electronic energies with ZPE and thermal corrections

to the enthalpies at the B3LYP/aVTZ.

1.009 A
21454 1575A 0.981A
2158 1,569 A 0.999 A
2450 A 1575 A

ey

' £1.663A
" 1,635 A
1.654 A

J

2.182A
2160 A

ot 2180A
42.65°
TS1

Figure 2. Optimized transition structur€S1 for Hz-elimination from

P,Ha. Bond lengths are given in A and bond angles in degrees. Upper

values: B3LYP. Middle: MP2. Lower: CCSD(T). All with the aug-
cc-pVTZ basis set.

at 298 K

CH,PPCH + H, — CH,HPPHCH,
AH = —19.8 kcal/mol,AG = —11.1 kcal/mol (27)

The entropy values were obtained at the B3LYP/aVTZ level
(Table S4 of the Supporting Information). Comparison with

J. Phys. Chem. A, Vol. 111, No. 9, 2007733

<(P1-P2-H3-B)
-37.51°
e -41.29°

P
9

<(P2-P1-H1-H2)
-48.58"
-51.38°

89.67°
85.66°

97.94°

side view

front view

TS-BH;

Figure 3. Optimized transition structur€S—BH; for Hp-elimination
from P;H, with the assistance of Bf4Bond lengths are given in A
and bond angles in degrees. Upper values: B3LYP. Lower: MP2. Both
with the aug-cc-pVTZ basis set.

TABLE 6: Calculated Energy Barrier ( AE*, kcal/mol) for
the H,-Release Processes inoR,4, without and with the BH 3,
at Different Levels of Theory

theor;ﬁ AEF (P2H4) AEF (P2H4 + BHg)b
CCSD(T)/avDZ 74.3 38.9
CCSD(T)/avVTZ 72.6 38.1
CCSD(T)/avQZz 72.5 38.3
CCSD(T)/CBS 72.5 38.5

2 Including zero-point energies obtained from MP2/aVTZ and scaled
by a factor of 0.9837. Uncorrected ZPE values (kcal/mob4°22.6;
P:H4(TS), 19.8; BH, 16.8; BH,—BH3 (TS), 39.5.P Energy barrier with
respect to the separategH? + BH; reactants. To obtain the energy
barrier with respect to the complex, add 22.6 kcal/mol.

Supporting Information). The barrier heights for both processes

obtained at different levels are summarized in Table 6. The

CCSD(T) barrier heights are well converged with respect to

the basis set, and the values computed using the aVTZ basis
set, computationally much less demanding than those using the
aVQZ set, are quite close to the corresponding CBS values,
differing by 0.1 kcal/mol in BH4 and by 0.4 kcal/mol in the

reaction 16 shows that the introduction of methyl groups moves P,H, + BHz system. A higher barrier of 87.1 kcal/mol was
the reaction closer to thermoneutral but not by as much as in predicted? for this process at the MP4SDQ/6-31G(d,p)//HF/3-
the nitrogen analog. Reaction 27 is more exothermic by 6.0 kcal/ 21G(d) level.

mol in comparison to the nitrogen reactidn.
Mechanism for H, Release from Diphosphine.For a

The geometries offS1 derived from the three different
methods are comparable to each other with variations in bond

compound to be useful as a hydrogen system, besides thermodistances of up to 0.02 A and in bond angles of up toThe
dynamic considerations, it is also necessary to have goodfour P-P—H—H atoms inTS1 are found to lie in the same

kinetics for the release of 4 To determine the activation

molecular plane. Although this formally corresponds to a TS

parameters associated with the molecular hydrogen release irfor a [2+2] elimination yielding H plus HP=PH, the two
a parent compound, we have located the transition structure (TS)departing H atoms are essentially connected to one P atom. This

for a [2+2] loss of K from diphosphine (BHj). In a recent
study? we showed that generation of,Hrom ethane and

is similar to the situation in the TS’s forHoss in ethane and
ammonia boranéWithin the three-membered-fH—H cycle

ammonia borane is greatly accelerated by the assistance of af TS1, the H-H distance of the departing.Hs 1.0 A, and the

borane molecule (B). The Lewis acid BHexerts a substantial
catalytic effect, via a bifunctional process of giving and receiving
H atoms, which facilitates H transfer and fdrmation. To probe
further this catalytic behavior, we also found the TS for H
release from fH, catalyzed by BH

Geometry parameters of tHeS1 for H, release from fH,
were optimized at the B3LYP, MP2, and CCSD(T) levels with

two P—H distances are 1.58 and 1.65 A. Compared with the
distances of 0.75 A of free Hand 1.41 A of a normal PH
bond, the values suggest significantt® bond breaking imS1,
which results in a substantial energy barrier of 72.5 kcal/mol.
The energy of theTS1 can be estimated by considering a
rearrangement process involving the breaking of twdifbonds
and forming an H-H bond leading to an estimate of 51.4 kcal/

the aVTZ basis set. Important geometry parameters are displayednol (taking the calculated values BDE(P) = 77.3 kcal/mol

in Figure 2. For the transition stat€S—BHg, for the BH, +
BH; reaction, we only optimized the geometry at the B3LYP

in P,H; and BDE(H-H) = 103.2 kcal/mol in H). The actual
calculated barrier is 21.1 kcal/mol larger than this simple

and MP2 levels as shown in Figure 3. The stationary points estimate.

were characterized by harmonic vibrational frequencies com-

Initially, P,H4 and BH; will form a strong complex, as shown

puted at the MP2 level. The MP2/aVTZ geometries were then in Figure 4 due to the formation of a dativebond between
used to obtain the CCSD(T)/CBS energies (Table S5 of the the lone pair acceptor BHand the electron pair donor BH
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reached at 1 atm. A similar result is obtained with TST at 298
K, ke = 8.4 x 104571, as expected.

For the bimolecular Bkl catalyzed reaction, we obtained
Koo catalyzed™= 4.6 x 10720 cm-mol~1-s1 applying TST starting
from the dissociated reactants. The rate constant for the catalyzed
reaction is 5.5x 10?2 times faster than the noncatalyzed result
starting from the separated reactants. We used RRKM theory
to analyze the kinetics starting from the complexdBH,PH,.

J ' Using the above pressure and temperature ranges, we obtained
BHsPH2PH. Complex
. - _ 01250136 —62.9
Figure 4. Optimized molecular structure for the complex Ht- k(T,p) =3.2x 10p exP? (29)

PH, at the MP2/aug-cc-p(¥d)TZ level.

. ) The rate constant at the high-pressure limit is 5.40734s1
PHo,. Thg blndln_g energy of the complex is 23.7 kcal/mol at 4t 298 K from TST and is 6.6 10-34s-! from RRKM theory.
298 K, slightly higher than the value of 21.1 kcal/mol for BH Even if the BH forms an initial complex with the P#H, which

PH,.* Thus substitution of the H by PHN PH; raises the 5 q,enched by collisions, the catalyzed reaction is still 9 orders

bmdlng energy by 2.6 kcal/_mc_>|. I—_|owever, the complex is not ¢ magnitude faster than the uncatalyzed one.

oriented so as to enable; dlimination from PHPH, but may The uncatalyzed transition state is characterized by an

be oriented so that el|m|nat|on_ole-tould occur across the imaginary frequency of 1593i cm and the catalyzed transition

P—B bond. We did not study this latter process. state by one of 1053i cm. The tunneling factors for both H
We studied the reaction pathway starting from the separatedeljimination processes are given in Table S6 of the Supporting

P2H, + BHs system and passing througis—BHs. The shape |nformation). For the noncatalyzed reacti@unnei = 5.45 x

of TS—BHgz is similar to the transition state structures obtained 107 at 298 K, which gives us a corrected RRKM rate constant

in our previous studyfor the GHes + BH3; and BHNH; + of k=5.1x 103 s, and a corrected TST rate constak,

BH; reactionsTS—BHg involves a cyclic structure with BH— = 4.6 x 1035571, For the catalyzed reaction at 298 K starting
H—I? and B-H—P e}rrangements dominating the two main from separated reactan@unnel catalyzed™= 4.5, GiViNgKe catalyzed
motions of the nuclei. The H2 atom of Blapproaches the HL = 2 1 x 10719 ¢cmd-mol~-s~L In this case, the corrected rate

atom of BH, to form the departing bimolecule. The H3 atom  constant for the catalyzed reaction is 4510 times faster.
of diphosphine is transferred in a concerted manner from P2 to The tunneling factor for the uncatalyzed reaction is very large;

B, regenerating BEl The energy barrier vialS—BHj; is however, this approximation is very reliable and large tunneling
calculated to be 38.5 kcal/mol at the CCSD(T)/CBS Ievel, with corrections have been previous|y foufsd.

respect to the separatedHz + BH3 reactants (Table 6). The

ZPE values were scaled by a factor of 0.9837 froptAP Conclusion
Relative to the H elimination from BH4 via TS1, the BH;
catalyzed process leads to a substantial decrease of 34.0 kcalé
mol in the barrier height. Overall, these results tend to confirm
our recent result that the Lewis acid BHan serve as a
bifunctional catalyst for the felimination. However, due to
the possibility of complex formation, an overpressure of;BH
might be needed for the catalyzed process to occur. Even thoug
the thermodynamics are not favorable for release pfrbim
P,H,, the energy barrier in the presence of the Lewis acid
catalyst BH is substantially reduced. Including the 15.5 kcal/
mol endothermicity of the reaction, the additional barrier is only
23.0 kcal/mol. As noted above, with appropriate substituents,
the endothermicity can be substantially reduced. Presumably,
the barrier will also be reduced so that theddn be generated
under milder thermal conditions. In addition, medium effects
play an important role. Studies of such processes will be
undertaken in our laboratory.

We analyzed the kinetics for Helimination from BH4
without BH; as the reaction catalyst using our calculated  acknowledgment. Funding provided in part by the Depart-
stationary points on the potential energy surface. We calculatedyent of Energy, Office of Energy Efficiency and Renewable
the rates over a temperatufg fange of 2062000 K and the - gnergy, under the Hydrogen Storage Grand Challenge, Solicita-
pressure of the bath gap)(from 0.1 to 8360 Torr by using oy No. DE-PS36-03G093013. This work was done as part of
RRKM theory (Supporting Information). For this range Bf  the Chemical Hydrogen Storage Center. D.A.D. is indebted to
andp with N as the collision gas, the calculated data can be he Robert Ramsay Endowment of the University of Alabama.
fit to the general expression M.T.N. thanks the FWO-Vlaanderen for partly supporting his

sabbatical leave.

The heats of formation of #Plx compounds were calculated
y using ab initio molecular orbital theory at the CCSD(T)/
CBS level. Our calculated results are in excellent agreement
with the available experimental values. We calculated the heats
of formation of B(H)x(CHs), molecules by using an isodesmic
eaction approach with reaction energies calculated at the MP2/

BS level. We found a singlet ground state for th# A radical
with a singlet-triplet energy gap of 2.8 kcal/mol, showing that
phosphinophosphinidene is similar to aminonitreneNN,
which has a singlet ground state. The corrected rate constant
(including tunneling) for the catalyzed reaction is predicted to
be 4.5x 10 times faster than the noncatalyzed result. The
calculated results for the hydrogenation reactions show that
substitution of an alkyl or aryl substituent for H improves the
reaction energies, suggesting that substituted phosphorus com-
pounds could possibly be used in a chemical hydrogen storage
system although there is an associated weight penalty.

—74.8
k(T,p) = 2.0 x 10"p°** exp——— 28
(T.p) x 2p P RT (28) Supporting Information Available: CCSD(T) energies
(En), zero-point energies (ZPE in kcal/mol), thermal corrections
At 298 K and 760 Torr (1 atmk = 9.4 x 10743s71; the same (TC in kcal/mol) and entropiessin cal/(motK)) for PHy, P.Hm,

result was found at 11 atm, so that the high-pressure limit was CHsPH,, and BHPH,PH,. B3LYP/aVTZ (E,) and MP2 E)
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as a function of basis set extrapolated to the complete basis sefohnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

limit. Comparison of energies and enthalpies (kcal/mol) for
reactions 7#13. B3LYP/aVTZ ZPE, TC, heats of formation,
and S of methylated compounds. CCSD(T) energigg) @nd
tunneling corrections for the #Helease processes. 3-D plots of
the rate coefficientk of the for the H elimination from BH,4
and for the B-P bond dissociation of the BIRH,PH, complex
calculated by using RRKM theory withJ\s the bath gas. This
material is available free of charge via the Internet at http:/
pubs.acs.org.

References and Notes

(1) Jacobson, M. Z.; Colella, W. G.; Golden, D. Bcience2005 308
1901.

(2) (a) Norskov, J.; Christensen, C. Bcience2006 312, 1322. (b)
Clark, T. J.; Russel, C. A.; Manners J. Am. Chem. So2006 128 9582.
(c) Chen, Y. C.; Fulton, J. L., Linehan, J. C.; Autrey,JTAm. Chem. Soc.
2005 127, 3254.

(3) Dixon, D. A.; Gutowski, M.J. Phys. Chem. 2005 109 5129.

(4) Grant, D. J.; Dixon, D. AJ. Phys. Chem. 2005 109 10138.

(5) Dixon, D. A.; Arduengo, A. J., lllJ. Phys. Chem. 2006 110
1968.

(6) Matus, M. H.; Arduengo, A. J., lll; Dixon, D. AJ. Phys. Chem.
A 2006 110 10116.

(7) Nguyen, M. T.; Nguyen, V. S.; Matus, M. H.; Gopakumar, G.;
Dixon, D. A. J. Phys. Chem. 2007, 111, 679.

(8) Baudler, M.; Glinka, KChem. Re. 1994 94, 1273.

(9) Yoshifuji, M.; Shima, I.; Inamoto, N.; Hirotsu, K.; Higuchi, D.
Am. Chem. Sod 981, 103 4587, andl982 104, 6167.

(10) Regitz, M.; Scherer, QMultiple Bonds and Low Coordination in
Phosphorus Chemistryseorg Thieme Verlag: Stuttgart, Germany, 1990.

(11) Smith, R. C.; Urnezius, E.; Lam, K. C.; Rheingold, A.; Protasiewicz,
J. D.Inorg. Chem.2002 41, 5296.

(12) (a) Nguyen, M. TChem. Phys1986 109, 277. (b) Nguyen, M.
T.; Van, Keer, A.; Vanquickenborne, L. @. Org. Chem1996 61, 7077.

(c) Ha, T. K;; Nguyen, M. T.; Ruelle, RChem. Phys1984 87, 23. (d)
Nguyen, M. T.; Ha, T. KChem. Phys. Lettl989 158 135.

(13) Schmidt, M. W.; Gordon, M. 9norg. Chem.1986 25, 248.

(14) Allen, T.L.; Scheiner, A. C.; Yamaguchi, Y.; Schaefer, HCRem.
Phys. Lett.1985 121, 154.

(15) Fritz, G.; Vaahs, T.; Fleischer, H.; Matern,Z£. Anorg. Allg. Chem.
1989 570, 54.

(16) Feller, D.J. Comput. Chenl996 17, 1571.

(17) Ruscic, B.; Wagner, A. F.; Harding, L. B.; Asher, R. L.; Feller,
D.; Dixon, D. A.; Peterson, K. A.; Song, Y.; Qian, X.; Ng, C.-Y.; Liu, J,;
Chen, W.; Schwenke, D. W.. Phys. Chem. 2002 106, 2727.

(18) (a) Purvis, G. D., lll; Bartlett, R. J. Chem. Physl982 76, 1910.

(b) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98, 8718.

(19) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lettl989 157, 479.

(20) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(21) (a) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.1J.Chem.
Phys.1992 96, 6796. (b) Woon, D. E.; Dunning, T. H., Jr. Chem. Phys.
1993 98, 1358.

(22) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
Chem. Phys1997 103 1063.

(23) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(24) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785.

(25) Dunning, T. H., Jr.; Peterson, K. A.; Wilson, A. &K.Chem. Phys.
2001, 114 9244.

(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(27) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.;
Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.;
Eckert, F.; Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.;
McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.;
Palmieri, P.; Pitzer, R. M.; Rauhut, G.; SthuM.; Stoll, H.; Stone, A. J,;
Tarroni, R.; Thorsteinsson, T. MOLPRO-2002, a package of ab initio
programs; UniversitaStittgart and University of Birmingham: Stgart,
Germany, and Birmingham, U.K., 2002.

(28) Shimanouchi, TTables of Molecular Vibrational Frequencies,
Consolidated Volume, INSRDS NBS-39.

(29) Grev, R. S.; Janssen, C. L.; Schaefer, H. F.,JIIChem. Phys.
1991, 95, 5128.

(30) Leroy, G.; Temsamani, D. R.; Wilante, C.; Dewispelaere, J. P.
Mol. Struct. (THEOCHEM})L994 309, 113.

(31) Haworth, N. L.; Bacskay, G. Bl. Chem. Phy2002 117, 11175.

(32) Chase, M. W., Jr. NIST-JANAF Tables (4th ed.).Phys. Chem.
Ref. Datal1998 Monograph 9(Suppl. 1).

(33) Dunham, J. LPhys. Re. 1932 41, 713.

(34) Huber, K. P.; Herzberg, GMolecular Spectra and Molecular
Structure. 1V. Constants of Diatomic Moleculé&n Nostrand Reinhold:
New York, 1979.

(35) Edwards, H. G. MJ. Mol. Struct.1993 295, 95.

(36) Odom, J. D.; Wurrey, C. J.; Carreira, L. A.; Durig, J. IRorg.
Chem.1975 11, 2849.

(37) Sverdlov, L. M.; Kovner, M. A,; Krainov, E. R/ibrational Spectra
of Polyatomic MoleculgsWiley: New York, 1974.

(38) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr.Chem. Phys.
1994 100, 7410.

(39) (a) Martin, J. M. LChem. Phys. Letl.996 259 669. (b) Helgaker,
T.; Klopper, W.; Koch, H.; Nago, . Chem. Phys1997, 106, 9639.

(40) Rittby, M.; Bartlett, R. JJ. Phys. Chem1988 92, 3033.

(41) Knowles, P. J.; Hampel, C.; Werner, H.dJ.Chem. Phys1994
99, 5219.

(42) Deegan, M. J. O.; Knowles, P. Chem. Phys. Lettl994 227,
321.

(43) (a) Peterson, K. A.; Dunning, T. H., &.Chem. Phy2002 117,
10548. (b) Woon, D. E.; Dunning, T. H., Jr. Chem. Physl993 98, 1358.

(44) Davidson, E. R.; Ishikawa, Y.; Malli, G. IChem. Phys. Letl.981,
84, 226.

(45) Moore, C. EAtomic energy leels as deried from the analysis of
optical spectra, Volume 1, H to;MJ.S. National Bureau of Standards
Circular 467; U.S. Department of Commerce, National Technical Informa-
tion Service, COM-72-50282: Washington, DC, 1949.

(46) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
Chem. Phys1997, 106, 1063.

(47) (a) Mgller C.; Plesset, M. $hys. Re. 1934 46, 618. (b) Pople,

J. A,; Binkley, J. S.; Seeger, Rat. J. Quantum Cheml976 10, 1.

(48) Steinfeld, J. I.; Francisco, J. S.; Hase, W.Ghemical Kinetics
and Dynamics 2nd ed.; Prentice Hall: Englewood Cliffs, NJ, 1999.
Fernandez-Ramos, A.; Miller, J. A.; Klippenstein, S. J.; Truhlar, DCliem.
Rev. 2006 106, 4518.

(49) Holbrook, K. A.; Pilling, M. J.; Robertson, S. HJnimolecular
Reactions2nd ed.; Wiley: Chichester, U.K., 1996.

(50) KHIMERA, Version 3.2: A software tool for calculations of
chemical reactions thermodynamics and kinetics from first principles;
Kintech, Kinetic Technologies, Ltd., Moscow, 2003. http://www.kintech.ru/.

(51) Skodje, R. T.; Truhlar, D. J. Chem. Physl981, 85, 624.

(52) Balasubramanian, K.; Chung, Y. S.; Glaunsinger, W1.£hem.
Phys.1993 98, 8859.

(53) Ricca, A.; Bauschlicher, C. WChem. Phys. Lettl998 285 455.

(54) Glukhovtsev, M. N.; Bach, R. DChem. Phys. Lett1997, 265
514.

(55) (a) Tsunekawa, Sl. Phys. Soc. Jprl976 41, 2077. (b) Kohata,
K.; Fukuyama, T.; Kuchitsu, KJ. Phys. Cheni982 86, 602. (c) Kuchitsu,
K., Ed. Structure of Free Polyatomic Molecules. Basic DaSpringer-
Verlag: Berlin, 1998.

(56) Beagley, B.; Conrad, A. R.; Freeman, J. M.; Monaghan, J. J,;
Norton, B. G.; Holywell, G. CJ. Mol. Struct.1972 11, 371.

(57) Hamaguchi, H.; Tasumi, M.; Yoshifuji, M.; Inamoto, N. Am.
Chem. Soc1984 106, 508.

(58) Berkowitz, J. CJ. Chem. Phys1989 90, 1.

(59) Gunn, S. R.; Green, L. G. Chem. Physl961, 65, 779.

(60) Gurvich, L. V.; Veyts, I. V.; Alcock, C. B.Thermodynamic
Properties of Indiidual Substance4th ed.; Hemisphere Publishers: New
York, 1989.

(61) Cox, J. D.; Wagman, D. D.; Medvedev, V. BODATA Key Values
for ThermodynamigsHemisphere Publishing, Corp.: New York, 1989.

(62) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.;
Halow, |.; Bailey, S. M.; Churney, K. L.; Nuttall, R. LJ. Phys. Chem.
Ref. Datal1982 Monograph 11 (Suppl. 2).



1736 J. Phys. Chem. A, Vol. 111, No. 9, 2007 Matus et al.

(63) Dixon, D. A; Feller, D.; Peterson, K. A. Chem. Phy2001, 115, (67) Grant, D. J.; Dixon, D. AJ. Phys. Chem. £006 110, 12955.

2576. . \Wilhai . .
. ) . (68) Frenkel, M; Marsh, K. N.; Wilhoit, R. C.; Kabo, G. J.; Roganov,
(64) Gutowski, K. E.; Rodgers, R. D.; Dixon, D. A. Phys. Chem. A G. N. Thermodynamics of Organic Compounds in the Gas Statermo-

20?§5)11|?0 1&8.9,85%36 SChem. Phys. Lettl986 109, 277 dynamics Research Center: College Station, TX, 1994.

(66) Berkowitz, J.; Curtiss, L. A.; Gibson, S. T.; Greene, J. P.; Hillhouse, (69) Zuev, P. S.; Sheridan, R. S.; Albu, T. V.; Thrular, D. G.; Hrovat,
G. L.; Pople, J. AJ. Chem. Phys1986 84, 375. D. A.; Borden, W. T.Science2003 299, 867.



