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Norbornadiene — Quadricyclane Valence
Isomerism for a Tetraphosphorus Derivative**

Mark J. M. Vlaar, Andreas W. Ehlers, Marius Schakel,
Scott B. Clendenning, John F. Nixon, Martin Lutz,
Anthony L. Spek, and Koop Lammertsma*

The photochemically induced valence isomerization of
norbornadiene to the higher energy quadricyclane is well
established!'! and this is also the case for the 7-oxa- and
7-azanorbornadienes.”! The related 7-phospha analogue 1 on
the other hand undergoes a UV-induced rearrangement to the
tricyclic compound 3 [Eq. (1), R=Ph, Me; R'=CO,Me; M =
W, Cr| presumably via an intermediate quadricyclane 2,
however, this has not been established definitely.!

OC)sM
(OC)5M\P/R (OC)s \P/R
Me R' Me R'
7 / hv
Me R Me R'
2

Recently, we found that tetraphosphaquadricyclane 8 is
formed with surprising ease, together with the polycyclic
compound 7 (Scheme 1), from the reaction of 2.4,6-tri-tert-
butyl-1,3,5-triphosphabenzene (4) with the transient phosphi-
nidene complex [PhPW(CO);],* > which is generated in situ
by thermal degradation of 1 (R =Ph, M =W). The mecha-
nism for the unexpected formation of 8
was not elucidated, but an intramolecular N
[2+2] cycloaddition of the two P=C units R /F’_\P 9
of an intermediate tetraphosphanorbor- P>/4P>(
nadiene complex, the 1,4-adduct 6,1 was R
assumed. A similar process has been
proposed for the formation of quadricyclane 9, R =alkyl,
but intermediate norbornadiene derivatives were not detect-
ed in this case either.

Norbornadienes containing two or more P atoms have been
proposed as intermediates, mostly in the cyclooligomerization
of phosphaalkynes,>® but to date only one triphospha-7-
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tBu M~ __Ph
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tBu

tBu
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Scheme 1. Synthesis of 7 and 8; [M] = W(CO);.

silanorbornadiene (10; Np = CH,/Bu)® and two triphospha-
7-hafnanorbornadiene complexes (11 and 12)!') have been
isolated. While 10 is stable up to 80 °C and does not isomerize
to the corresponding quadricyclane, such a quadricyclane
intermediate was proposed for the thermal rearrangement of
11 to 12.000a

H

N e NP MesSiT [ SiMeg Me;Si” i ~SiMes
tBu «tBu y
P’/%P }‘/}\/P ‘B“Z/P7P
Lp P P
fBU// \<tBu tBu \<t8u tBu \<tBu
10 1 12

We evaluated the proposed conversion of 6 into 8 by
ab initio MO theory." The MP2/6-31G* optimized geo-
metries for the parent systems (6 A and 8 A) are depicted in
Figure 1. The geometry of quadricyclane 8A is in good
agreement with the experimentally determined molecular
structure of 8. The reduced steric congestion, because of the
absence of the bulky W(CO); and t-butyl groups, is expressed
in a shortening of the C1—C2 bond and all the P—C bonds.

1.854
6A

Figure 1. MP2/6-31G* optimized geometries for structures 6 A and 8 A,
with selected bond lengths [A.]

In line with the experimental data, quadricyclane structure
8A is more stable than its norbornadiene isomer 6 A, by
6.6 kcalmol™' at the G3(MP2) level (Figure 2).1>5] This
sharply contrasts with the hydrocarbon analogues, since
norbornadiene (14) is energetically favored over quadricy-
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Figure 2. G3(MP2) computed energy difference between 6 A and 8A,

compared to the energy difference between 13 and 14 (experimental)!'¥]
and 1A and 2A (MP2/6-31G).B]

clane (13) by as much as 22.1 kcal mol~" experimentally!4l and
by 24.4 and 23.8 kcalmol! at the G3(MP2)!™ and CCSD(T)//
MP2/6-31G* levels,'®l respectively. Likewise, the parent
7-phosphanorbornadiene 1A is energetically preferred over
its quadricyclane isomer 2 A by 22.5 kcalmol~! at the MP2/6-
31G* level (Figure 2).5b)

This inversion of relative stabilities for the tetraphospha
compounds, compared with their hydrocarbon analogues,
originates from differences in strain energies. Because of their
larger number of small hydrocarbon rings quadricyclanes 14
and 2 A are both much more strained than the corresponding
norbornadienes 13 and 1A. However, 8 A is much less
strained than hydrocarbon 14 because of the presence of four
P atoms in 8 A, phosphorus can accommodate smaller bond
angles['”l than carbon and this is reflected in the 6.7 kcalmol
smaller G2(MP2) strain energy of the three-membered
phosphirane ring than that of cyclopropane.'®! A more
dramatic illustration is the difference in strain energies for
tetraphosphacubane (74.8 kcalmol~!)['* 1% and the all-hydro-
carbon cubane (165.1 kcalmol!).?”! Note that the higher
strain energy of 8 A (compared to 6 A), however, is compen-
sated for by the conversion of two of its two highly energetic
P=C mbonds (49.4 kcalmol™') into four P—C o bonds
(66.1 kcalmol~").21]

To test the accessibility of valence isomerism for the
tetraphospha derivatives experimentally, we treated triphos-
phabenzene 4 at 110°C with [MePW(CO);] [Eq. (2)], gen-
erated in situ from 1 (R =Me, M = W).?l The advantage of

(OC)sW._  Me (OC)sW . _Me

R R B
e P/&pu @

4
1 (R=Me, M=W) ——— PP - ps
110°C P A AN

tBuk \<tBu tBu

17 18

tBu

using the methyl substituted synthon is that no side-products
such as 7 can be obtained./! Gratifyingly, we indeed obtained
a mixture of the expected products 17 and 18 in a 1:8 ratio, as
determined from integration of the P NMR resonance
signals.
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The 'H, *C, and *'P NMR spectra of 18 are very similar to
those of 8.1 The *'P NMR resonance signals are at 6 = —112.2
and —138.1 (CPP ring), 6 = —122.3 (CCP ring), and 6 =24.2
(P bridge) and all show multiple P - P couplings. The structure
of 17, the first tetraphosphanorbornadiene compound, is
readily deduced from NMR spectroscopy. The phosphaalkene
bonds have characteristic downfield 3P NMR resonances
(0=335.3 and 322.0) and *C NMR resonances (6 =229.8 and
226.8),%1 all of which are similar to those reported for 10.°]
However, the 3P NMR resonance for the bridgehead
phosphorus (P4 in Figure 3) at 6 =273 is much further
downfield than that of 10 (6 = — 63.8) and has a typical 'J(P,P)
coupling constant of 174.6 Hz to the neighboring bridging
phosphorus (P3, d=138.8, J(W,P)=220.5 Hz), which is
shielded by 60.8 ppm relative to the corresponding atom in
the 7-phosphanorbornadiene complex 1 (R =Me, M =W).[?4

A single-crystal X-ray diffraction study confirmed the
structure of 17 (Figure 3). The two P=C bonds P1-C1 and
P2-C2 (1.678(2), 1.676(2) A), as well as the P3—P4 bond

Figure 3. ORTEP plot of 17 with ellipsoids set at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A],
angles and torsion angles [°]: W1-P3 2.5450(6), P3-C3 1.900(2), P3-P4
2.2078(8), P4-C1 1.861(2), P4-C2 1.861(2), P1-C1 1.678(2), P2-C2 1.676(2),
P1-C3 1.892(2), P2-C3 1.878(2), P3-C16 1.846(3); P3-W1-C21 177.79(11),
P4-P3-C3 89.68(8), P1-C3-P2 107.86(12), C1-P4-C2 99.67(10), C1-P1-C3
100.08(10), C2-P2-C3 100.24(11), P1-C1-P4 118.46(12), P2-C2-P4
118.46(13), W1-P3-P4 115.14(3), WI1-P3-C3 12748(7), WI1-P3-Cl6
109.15(9), P4-P3-C16 103.77(9), C3-P3-Cl6 108.28(11), P3-P4-Cl
92.27(8), P3-P4-C2 89.67(8); P1-C3-P3 105.16(10), P2-C3-P3 102.87(11),
C3-P1-C1-P4 0.39(16), C3-P2-C2-P4 1.31(16).

(2.2078(8) A), and the P—C single bonds (1.846(3)—
1.900(2) A) are all of the expected lengths. The W1-P3-C16
angle (109.15(9)°) is about 6° smaller than the corresponding
angle of tetraphosphaquadricyclane 8, and reflects an in-
creased steric congestion between the substituents at the
bridgehead phosphorus and the fert-butyl groups in 17. The
P4-P3-C3 angle for 17 of 89.68(8)° is correspondingly smaller.
The MP2/6-31G* optimized geometry of 6 A compares well
with the X-ray structure of 17, when the absence of the
W(CO)s, tert-butyl, and methyl groups in 6 A is taken into
account; most of the P—C single bonds of 6 A are slightly
shorter, whereas its P=C bonds are slightly elongated.
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Heating a toluene solution of isolated 17 or 18 at 110°C
resulted in both cases in the formation of the same 1:8 mixture
of 17 and 18, as determined by 3'P NMR, which suggests these
compounds are in thermal equilibrium. Despite some degra-
dation during the isomerization, a Gibbs free energy differ-
ence of 2kcalmol™ could be estimated. This value is
5 kcalmol™ smaller than the G3(MP2) computed energy
difference between 6 A and 8 A and is a result of the presence
of the stabilizing W(CO); fragment?* 2 and the bulky rers-
butyl groups.

Whereas concerted [2+2] cycloadditions are Woodward —
Hoffman forbidden processes, both head-to-head and head-
to-tail thermally induced dimerizations of phosphaalkenes are
well known and possibly follow a stepwise reaction path
involving ionic or biradical intermediates.[> 2l However, the
photochemically induced [w2+m2] cyclization, which is Wood-
ward —Hoffman allowed, is also feasible for 17. Thus, full
conversion into 18 is observed when a toluene solution of 17 is
exposed to daylight for several hours, although extended
exposure resulted in complete decomposition.

In conclusion, tetraphospha structures 17 and 18 undergo
both thermally and photochemically a norbornadiene —qua-
dricyclane valence isomerism similar to their hydrocarbon
analogues, except that the tetraphosphaquadricyclane is the
more stable isomer.

Experimental Section

NMR spectra were recorded on a Bruker Avance 250 (*'P; 85% H;PO,)
and an MSL 400 (H, 1*C; TMS) spectrometer, high-resolution mass spectra
(HR-MS) on a Finnigan Mat 90, and infrared (IR) spectra on a Mattson 630
Galaxy spectrometer.

Reaction of 4 with [MePW(CO);]: Complex 1 (R =Me, 0.37 g, 0.66 mmol)
and 4 (0.20 g, 0.66 mmol) were heated in refluxing toluene (5 mL) for 18 h.
Evaporation to dryness and chromatography over silica with pentane as
eluent gave a mixture of 17 and 18 in a 1:8 ratio. Fractional crystallization
from a hexane/dichloromethane mixture afforded 0.22 g (49 %) of 18 as
yellow crystals and 24 mg (6 %) of 17 as orange crystals.

17: mp 127-129°C; 3P NMR (CDCl;, 101.3 MHz): 6 =335.3 (ddd,
2J(PP)~%J/(P,P)~18 Hz, 2J(PP)=9.1 Hz; C=P), 322.0 (ddd, 2J(PP)=~
2J(PP)~18 Hz, %J(P,P)=6.5Hz; C=P), 138.8 (ddd, 'J(P,P)=174.6 Hz,
2J(P,P)=9.1 Hz, 2J(PP) =6.5 Hz, 'J(W,P) =220.5 Hz; W-P-P), 27.3 (ddd,
J(PP)=174.6 Hz, 2J(PP)~2J(PP)~18 Hz; W-P-P); 'H NMR (CDCl,
400.1 MHz): 6=2.16 (dd, 2J(H,P)=69Hz, 3/(H,P)=42Hz, 3H;
P-CHs;), 1.67 (s, 9H; C(CHa);), 1.49 (d, ¥/(H,P) =1.7 Hz, 9H; C(CH,)5),
1.46 (d, “/(H,P)=1.8 Hz, 9H; C(CH,;);); “C NMR (CDCl; 100.6 MHz):
0=229.8 (dddd, 'J(P,C) = J(P,C) =~ 56 Hz, 2J(P,C) ~ 12 Hz, 3J(P,C) ~ 3 Hz;
C=P), 226.8 (m; C=P), 197.8 (d, 2/(P,C) =24.1 Hz; trans-CO), 1974 (dd,
2J(P,C) =5.7 Hz, *J(P,C) =2.6 Hz, 'J(W,C) =117.7 Hz; cis-CO), 95.8 (dddd,
J(P,C)=67.6 Hz, J(PC)=61.1Hz, J(PC)=23.0Hz, %J(P,C)=63Hz;
P;CC(CHs;);), 43.2 (ddd, %J(P,C)=56.7 Hz, 2J(P,C)=20.2 Hz, *J(PC)=
32Hz; C(CHj);), 43.0 (ddd, 2J(PC)=56.0Hz, Z2/(P,C)=19.8Hz,
3J(P,C)=2.6 Hz; C(CHs;);), 38.7 (pst, 2J(P,C)=15.9 Hz; C(CHs;);), 33.1
(m, 2 C(CH,);), 32.6 (dd, 3J(P,C) = 14.1 Hz, 3J(P,C) = 7.7 Hz; C(CH,)5), 27.8
(dd, 'J(P,C)=12.1 Hz, J(P,C) =6.1 Hz; P-CH;); 'H NMR (CDCL): 6 =
2.16 (dd, 2J(H,P)=6.9 Hz, 3J(H,P)=4.1 Hz, 3H; P-CHj;), 1.67 (s, 9H;
C(CHs)3), 149 (d, “J(H,P)=1.9 Hz, 9H; C(CH;);), 1.46 (d, *J(H,P)=
2.0 Hz, 9H; C(CHj;);); HR-MS: calcd for C21H30P4O05W: 670.05536;
found: 670.05339; IR (CH,CL): 7=v(CO) 1937 cm™! (s), 2069 cm™" (w).

18: mp 187 — 188°C; P NMR (CDCl,, 101.3 MHz): 6 =24.2 (dd, 'J(PP) =
2574 Hz, 2J(PP)=154Hz, J(WP)=222.6Hz; W-P-P), —1122 (d,
2J(PP) =476 Hz), —122.3 (d, J(PP)=2574 Hz; W-P-P), —138.1 (dd,
2J(PP) =476 Hz, 2J(PP) = 15.4 Hz; P); ®C NMR (CDCl,, 100.6 MHz): 6 =
1989 (d, 2(PC)=228Hz; trans-CO), 1975 (dd, *J(P.C)=58Hz,
3I(PC) =48 Hz, J(W,C)=126.0Hz; cis-CO), 69.6 (dddd, J(P.C)=
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631Hz, 'J(PC)=584Hz, J{PC)=206Hz,  2(PC)=34Hz;
P,CC(CHy),), 55.9 (dddd, J(P,C) =512 Hz, 'J(P.C)=30.6 Hz, J(P.C) ~
2J(PC)~4.5Hz; CP,), 51.1 (ddd, J(P,C)=49.4Hz, J(P.C)=28.5Hz,
2J(PC)=4.5Hz; CP,), 373 (ddd, 2(PC)=162Hz, 2(PC)=12.4Hz,
2J(PC)=38Hz; C(CH),), 351 (dddd, 2/(PC)=182Hz, 2J(PC)=
92 Hz, J(PC)=32Hz, J(PC)~1Hz; C(CH,),), 34.7 (dd, 2(PC)=
18.6 Hz, 2J(P,C) = 8.2 Hz; C(CHy),), 33.4 (ddd, 3/(P.C) =8.7 Hz, *J(P.C) =
6.6 Hz, 3J(PC)=3.1 Hz; C(CH,),), 31.4 (dd, 3J(P.C) = 11.4 Hz, J(P.C) =
6.1 Hz; C(CH,)s), 30.9 (dd, 3/(P,C) =11.7 Hz, 3J(P,C) =6.9 Hz; C(CH,),),
23.6 (dddd, YJ(P,C) =172 Hz, %J(P,C)=7.7 Hz, 3J(P,C)=3.1 Hz, *J(P.C) =
23 Hz; P-CH,); 'H NMR (CDCl,, 400.1 MHz): 6=2.08 (dd, /(H.P)=
8.3 Hz, 3(H,P) =53 Hz, 3H; P-CH,), 1.30 (s, 9H; C(CH,)s), 1.26 (s, 9H;
C(CHs;)3), 1.25 (s, 9H; C(CH;);); HR-MS: caled for C21H30P405W:
670.05536; found: 670.054938; IR (CH,CL): #=1(CO) 1935cm™" (s),
2070 cm™! (w).

Crystal structure determination of 17: C,H;,0sP,W, Fw =670.18, yellow
block, 0.30 x 0.30 x 0.24 mm?, triclinic, P1 (No.2), a=10.9447(1), b=
11.1640(1), c¢=113277(1) A, a=81.9368(5), [=88.5556(5), y=
76.8724(3)°, V=1334.57(2) A3, Z=2, p=1.668 gcm?, 28416 measured
reflections, 6069 unique reflections (R, =0.072). Intensities were meas-
ured on a Nonius KappaCCD diffractometer with rotating anode (Mo,
2=0.71073 A) at a temperature of 150 K. Absorption correction based on
multiple measured reflections using the program PLATONP” (routine
MULABS, ©#=4.60 mm~!, 0.17-0.29 transmission). The structure was
solved with automated Patterson methods with the program DIRDIF97/¥l
and refined with the program SHELXL97! against F? of all reflections up
to a resolution of (sin 9/4),., =0.65 AL Non-hydrogen atoms were refined
freely with anisotropic displacement parameters, hydrogen atoms were
refined freely with isotropic displacement parameters. R (I >20([)): R1=
0.0214, wR2=0.0497. R (all data): R1=0.0231, wR2=0.0505, S=1.041.
Residual electron density between —1.28 and 1.33 ¢ A3, The drawings,
structure calculations, and checking for higher symmetry was performed
with the program PLATON.! Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-164106 (17). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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